A strain-based approach to study interaction between non-coplanar through-thickness edge notches by Samadian, Kaveh et al.
Special Issue Article
J Strain Analysis
1–12
 IMechE 2018
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0309324718778440
journals.sagepub.com/home/sdj
A strain-based approach to study
interaction between non-coplanar
through-thickness edge notches
Kaveh Samadian , Stijn Hertele´ and Wim DeWaele
Abstract
Structural integrity assessment procedures to assess the effect of interaction between multiple adjacent flaws normally
consist of two stages. First, alignment rules categorize non-coplanar flaws as aligned or non-aligned. Second, combination
rules classify aligned flaws as interacting or non-interacting. Although these criteria are applied to different failure modes
like brittle fracture, elastic–plastic fracture and plastic collapse, most of them were developed based on linear elastic
fracture mechanics for the sake of simplicity. However, there are very limited references available for the technical back-
ground of these criteria. This lack of justifying backgrounds becomes more critical when applying these procedures to
any other failure modes other than brittle fracture. This article studies the interaction between non-coplanar edge
notches in scenarios of large deformation. Hereto, strain patterns are studied through full-field deformation measure-
ments utilizing both experimental and numerical tools. Digital image correlation is used to measure strain during experi-
ments and to verify the finite element analyses. The results show that in addition to the crack driving force, which
represents a local response of notches, the global strain distribution within the specimen in terms of strain patterns can
be used to probe the interaction between non-coplanar flaws. The authors suggest a novel criterion based on the trajec-
tory of maximum equivalent strain to distinguish between aligned and non-aligned flaws. This study is based on double-
edge notched tension specimens and gives a fundamental insight into flaw interaction in failure modes other than brittle
fracture.
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Introduction
The presence of flaws adversely affects the integrity of
structures and components; this effect can be intensified
when multiple flaws are present. Provided that these
flaws are located close enough to each other, interaction
takes place. Hereby, plastic deformation, fracture con-
trolling parameters and stress/strain fields surrounding
the flaws can be significantly different from the case of
a similar isolated flaw. Consequently, it is often neces-
sary to assess the combined effect of two or more flaws
in structural integrity analysis. Engineering critical
assessment (ECA) procedures contain rules to analyze
multiple flaws. These procedures typically consist of
two sets of criteria: alignment and combination criteria.
If flaws are in different planes (sometimes referred to as
non-coplanar, non-aligned, offset or parallel flaws),
alignment criteria are first evaluated to identify whether
flaws are to be analyzed as non-aligned flaws or may be
treated as aligned flaws. Subsequently, combination cri-
teria allow defining if aligned flaws are to be treated as
independent (non-interacting) or combined (interact-
ing) flaws. Alignment rules vary between different ECA
procedures.1 For instance, in ASME B&PV code sec-
tion XI, the vertical distance between flaws is compared
to the fixed value of 12.5mm regardless of flaw depth
and length.2 In BS7910,3 the direct distance is compared
with the sum of the flaw depths, while in API 579-1/
Soete Laboratory, Department of Electrical Energy, Metals, Mechanical
Construction & Systems (EEMMeCS), Ghent University, Ghent, Belgium
Corresponding author:
Kaveh Samadian, Soete Laboratory, Ghent University, Technologiepark
903, Zwijnaarde, 9052 Belgium.
Email: kaveh.samadian@ugent.be
ASME FFS-14 the vertical and horizontal distances are
compared with the average of both flaw lengths.
In recent years, various researchers have studied
non-coplanar adjacent flaws in different geometries and
loading conditions utilizing various approaches. These
studies showed that the stress intensity factor changes
due to the interaction between the flaws and the magni-
tude of this change depends on the locations of the
flaws as well as their sizes and shapes.5–8 Hasegawa et
al. employed a finite element (FE) model to calculate
stress intensity factor for through-wall non-aligned
flaws. In addition, they performed brittle fracture
experiments at 2196 C on structural steel plates to test
similar configurations. They concluded that a 6%
increase in stress intensity factor could be considered as
a boundary between aligned and non-aligned flaws,
since this increase influenced the crack growth path.
Besides, when it comes to flaw alignment rules in linear
elastic fracture mechanics (LEFM), the same study sug-
gested that the out-of-plane distance is a more impor-
tant factor than the in-plane distance for coalescence or
non-coalescence of flaws.9 A separate study by the
same authors revealed that in full-scale pipe tests with
two non-aligned flaws under a quasi-static bending
load, there is a substantial difference between shallow
and deep flaws alignment behavior when the maximum
load is considered as the governing factor. Therefore,
flaw alignment criteria should ideally be a function of
the flaw dimensions and not only the distance between
them.10
Kamaya conducted an elastic–plastic FE study on a
flat plate and a pipe segment with two non-aligned
flaws under tensile and bending loads. The results
showed that the present alignment rules in ASME
B&PV Sec. XI in elastic and elastic–plastic conditions
correspond to the normalized magnitude of the interac-
tion ratio K/K0=1.07 and (J/J0)
0.5=1.12, respectively
(K0 and J0 represent crack driving forces in a single flaw
specimen for elastic and elastic–plastic conditions,
respectively). Kamaya11,12 proposed a new criterion
depending on the flaw depth for the alignment assess-
ment. It was noted that this is a simplification of reality,
since the magnitude of interaction additionally depends
on material properties and applied load(s). Iwamatsu et
al. experimentally studied the collapse load in flat plates
with two non-aligned through-wall flaws and showed
that whether coalescence behavior occurs is insignifi-
cant in terms of evaluating the maximum load for plas-
tic collapse. In fact, the distance between flaws affects
the maximum load regardless of flaw growth behavior.
Accordingly, they suggested that ratios between in-
plane and out-of-plane distances to the maximum or
average flaw length are appropriate alignment cri-
teria.13 The same conclusion is also drawn from ductile
crack growth simulations for two non-aligned through-
wall flaws.14 De Waele15 experimentally studied multi-
ple cracks’ interaction under the plastic collapse condi-
tion in pipeline girth welds. The results supported the
European Pipeline Research Group (EPRG) criteria for
assessment of multiple weld flaws, which is supposed to
be one of the first published guidelines for flaw interac-
tion assessment considering plastic collapse.16
In addition to linear elastic and elastic–plastic stud-
ies, non-aligned flaws have also been studied experi-
mentally and analytically under fatigue loading.17–19
Published results show that two adjacent interacting
non-coplanar cracks under fatigue loading tend to grow
in a curved path to meet each other.20 Besides, both
out-of-plane distance and flaw size affect the interac-
tion between two surface flaws under fatigue loading.21
ECA procedures for evolution of flaw alignment
and interaction are applied to various loading condi-
tions and failure mechanisms. Although there are only
limited references available for the technical back-
ground of many of these criteria, they have typically
been based on LEFM for the sake of simplicity and
conservativeness.22 Nonetheless, the application of
these procedures might be questioned when applied to
failure modes other than brittle fracture. For instance,
recent research showed that the re-characterization of
adjacent coplanar surface flaws based on BS7910:2005
may not always be conservative in cleavage since lim-
ited ductility negates potential benefits of localized
plasticity.23–25 In addition, Bezensek and Hancock26
concluded that the ductile growth of adjacent flaws is
quite like that observed in fatigue, and therefore, the
BS7910:2005 flaw interaction criterion is conservative
for ductile tearing. Contrary, Tang et al.27 showed that
for offshore pipelines, where the fracture limit state is
generally associated with significant crack propagation
and localized plastic deformation, BS7910:2005 interac-
tion rules for adjacent surface flaws may lead to non-
conservative assessment. Interaction rules for surface
flaws and brittle materials have been revised in the
2013 version of BS7910. These reiterative updates of
the codes show that there is a need for investigating the
inherent complexities associated with interaction of
flaws in failure modes other than brittle fracture, when
pronounced plastic deformation is exhibited before
failure.
In this study, the authors propose a novel approach
to investigate the interaction of two non-coplanar flaws
in the high-strain regime. To that end, full-field strain
patterns in surface flawed tension-loaded specimens are
experimentally and numerically investigated. Specimens
with two non-coplanar edge notches have been selected
as a research tool considering their similarity to rele-
vant laboratory specimens for low crack tip constraint
scenarios which are gaining strong interest, such as the
single-edge notched tension (SENT) specimen.
Experimental procedure
The specimens have been extracted from an API-5L
X70 pipe in the through-thickness direction. Notches
were introduced by fine saw-cutting, producing an ini-
tial notch tip radius equal to 0.075mm. In total, seven
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specimens were prepared with identical through-
thickness side edge notches (Figure 1). Among them,
five has two identical non-coplanar notches but with
different out-of-plane distances between the notches.
The sixth specimen contained two coplanar identical
notches, and this is a typical double-edge notched
tension (DENT) specimen. The last specimen was a
SENT specimen which is used as reference (see Table
1). The geometry of specimens was designed deliber-
ately in accordance with SENT specimen in order to be
able to use SENT test procedures for double-notched
specimens. In Figure 1, H denotes the out-of-plane
distance between two notches, and for specimens
with double notches, 2W is the specimen width and
T=W= 15mm is the specimen thickness. In the
experimental tests, H/W is varied from 0 to 3 in the fol-
lowing order: 0, 0.7, 1, 1.3, 2 and 3; notch depth a is
kept constant at 0.4W. The same notch depth (i.e. a/W)
is applied to the SENT specimen, having a width equal
to W. In both cases, total length and daylight length
were 20W and 14W, respectively.
The specimens were clamped by hydraulic grips and
then loaded in constant displacement rate mode
(0.02mm/s). The tests were continued beyond necking
and stopped when the force dropped back to 85% of
its maximum value.
Digital image correlation (DIC) has been employed
to investigate the full-field deformation behavior of spe-
cimens. Pictures were captured instantaneously using a
stereoscopic system provided by LIMESS Messtechnik
& Software GmbH consisting of two synchronized
monochromatic 14-bit cameras having a minimum res-
olution of 2452 by 2054 pixels (5 Megapixels).
Deformation and strain analyses have been performed
using the VIC3D software (version 7.2.4) supplied by
Correlated Solutions Inc. Figure 2 shows the setup and
a mounted specimen. Crack tip opening displacement
(CTOD) is measured by using the double-clip gauge
method employing BS 8571:201428 calculation proce-
dure. Note that the formulas in this standard are
defined for SENT specimens, and an assumption is
made to apply them for double-notched specimens. The
double-notched specimen is assumed to be equivalent
to two tangent single-notched specimens with half the
width of the original specimen, and then, CTOD is cal-
culated for each notch separately. Hereto, half of the
total force is used for calculating the elastic contribu-
tion to CTOD. No assumption must be made for the
calculation of the plastic CTOD component, since it
essentially follows an experimentally calibrated plastic
hinge calculation (based on the readings obtained from
the double-clip gauge assembly).
After degreasing the specimen, a thin layer of white
elastic paint was applied to the frontal surface (depicted
in Figure 2), followed by the application of a random
pattern of black speckles. The procedure was optimized
to obtain high-contrast speckles with an intended size
of 3 by 3 camera pixels. Then, to have high-contrast
digital images, the illumination was optimized to pro-
vide uniform light density and avoid specular reflection
or shadows. The stereoscopic system was calibrated by
analyzing a large set of pictures of calibration grid pat-
tern in arbitrary positions and angles. Figure 3 shows
one of the specimens after the tensile test.
FE procedure
To investigate the strain distribution and crack driving
force of interacting notches, FE models representing
the experimental specimen geometry have been devel-
oped using ABAQUS version 6.13. Full model details
and experimental verifications are described in a previ-
ous paper,29 and in the following, a brief summary is
disclosed.
The model shown in Figure 4 was generated by a
parametric Python script. It consists out of eight-node
linear brick elements with a reduced integration scheme
(C3D8R). A regular spider web mesh is created around
the notch tips for the sake of fracture mechanics analy-
ses. Ductile tearing is not implemented and the simu-
lated cracks simply blunt out. In addition, to obtain
realistic deformation patterns (including localized neck-
ing and other non-linear geometry changes), a finite
Figure 1. Schematic overview of specimen’s geometry.
Table 1. Overview of specimen configurations and geometrical details used in experimental and numerical studies.
Type of study Specimen
configuration
Notch depth
ratio (a/W)
Out-of-plane distance between
the notches (H/W)
Experimental tests Double notched 0.4 0, 0.7, 1.0, 1.3, 2.0 and 3.0
Single notched (SENT) 0.4 –
Finite element (FE)
simulations
Double notched 0.3, 0.4 and 0.5 0, 0.3, 0.45, 0.7, 0.85, 1.0, 1.15, 1.3, 1.45,
1.6, 1.85, 2.0, 2.3, 2.6, 3.0, 3.3 and 4.0
Single notched (SENT) 0.3, 0.4 and 0.5 –
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strain deformation has been used for all the simula-
tions.30 Experimental constitutive behavior was imple-
mented by a pointwise definition of the stress–strain
curve (Figure 5). An incremental J2 plasticity scheme,
which adopts isotropic hardening and the von Mises
yield criterion, was used. To comply with the clamped
boundary conditions of the experiment, the modeled
specimen was connected to two rigid bodies at both
ends. One end was kept fixed, and the other was trans-
lated under displacement control (rotation being
inhibited).
To realize a robust analysis of the effect of out-of-
plane distance on notch interaction, a large number of
geometrical configurations were considered in a full-
factorial parametric study. Concretely, 17 levels of out-
of-plane distance were defined in the simulation matrix,
ranging between H/W=0 and 4. Besides, three levels
of a/W were taken into account for each out-of-plane
distance (a/W=0.3, 0.4 and 0.5). Finally, to define a
reference value for detecting the presence of interaction
between notches, three SENT models were also added
Figure 2. DIC setup and cameras (left) and mounted specimen with clip gauges (right).
Figure 3. Specimen with H/W= 0.7 distance between the
notches shown after the test.
Figure 4. FEM model general view and mesh details around a
notch tip indicating the notch radius.
Figure 5. Experimentally determined stress–strain curve.
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to the simulation matrix. In total, 54 simulations are
investigated in this study. Table 1 summarizes the
experiments and simulations. The principal output of
the simulations is CTOD as a function of tensile load.
Hereby, CTOD was calculated according to the 90
intercept method.
Evaluation of defect interaction based on
strain concentration bands
The approach introduced in this article is based on so-
called strain concentration bands (SCBs) that connect
the points of maximum equivalent strain between notch
tips. This is conceptually similar to slip-line theory
which predicts trajectories along which critical shear
stress of a rigid perfectly plastic material is achieved.
Hereby, the resulting local discontinuity in tangential
displacement velocity represents an infinitely narrow
band of plastic deformation. However, for realistic
materials, the assumption of original slip-line theory is
invalidated by linear elasticity and plastic work harden-
ing, creating strain bands having a finite width rather
than lines of discontinuous displacement.
Calculation of equivalent strain
In this study, equivalent plastic strain based on von
Mises theory is opted to describe the SCBs around the
two adjacent flaws. Assuming monotonic loading,
points of maximum equivalent plastic strain relate with
points of maximum equivalent stress, as isotropic J2
plasticity relates both according to the work hardening
observed in uniaxial tensile loading. Equivalent plastic
strain (ePeq) is a monotonically increasing scalar value
calculated incrementally as a function of the plastic
component of the rate of deformation tensor
epeq=
ðt
0
_epeqdt in which _e
p
eq=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3
_ePij _e
P
ij
r !
ð1Þ
Since equivalent plastic strain is a strain tensor
invariant, it can be assumed that the coordinate system
is oriented along the directions of principal strains
(denoted as eP1 , e
P
2 and e
P
3 ) and then equation (1) can be
written as follows
epeq=
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Since experimental strain measurements obtained by
DIC do not allow to distinguish between plastic and
total strain, the elastic contribution to total strain is
neglected in this study. In other words, equation (2) will
be used for equivalent total (rather than plastic) strain.
Finally, by assuming incompressibility and substituting
e3 with –(e1 + e2), equation (3) can be obtained for
equivalent total strain eeq. Similar assumptions have
been adopted in other notched tension test studies sup-
ported by full-field strain analyses31,32
eeq=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
3
e21 + e
2
2 + e1e2
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In conclusion, equation (3) allows estimating equiva-
lent total strain (from now on referred to as equivalent
strain) on the basis of principal surface strains, which
can be readily measured by means of DIC.
Algorithm to determine and characterize SCB
SCBs arising from the notch tips have been determined
and characterized as summarized in the following and
illustrated in Figure 6, using a devoted MATLAB
script. The procedure has been applied to FE results as
well as experimental results. Recalling the discussion of
the previous section, experimental results have been
analyzed in terms of equivalent total strain, whereas
numerical analyses make use of equivalent plastic
strain.
Figure 6. Graphical summary of procedure to obtain and
characterize strain concentration bands (SCBs) connecting
notch tips. (a) Full field equivalent strain measurement, (b)
Equivalent strain discrete value extraction, (c) Constructing the
SCBs and (d) SCBs angle determination.
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1. Equivalent strain is extracted within the area of
interest (Figure 6(a)), discretized into a rectangular
grid of points (Figure 6(b)). This grid is considered
within the coordinate system of the undeformed
specimen (i.e. the grid itself does not move) for the
sake of simplicity. Notably, this simplification
influences the outcome given the finite and non-
linear nature of occurring deformations; strain
bands would have a slightly different shape when
considered within a moving grid.33 Output has
been analyzed at different moments during the test,
allowing to characterize the evolution of strain
concentration as a function of applied crack driv-
ing force (CTOD).
2. By comparing equivalent strain values at all grid
points within a transversal line (i.e. perpendicular
to the load direction; vertical in Figure 6(c)), the
point of maximum equivalent strain in each line is
obtained. Connecting these points for adjacent ver-
tical lines creates a trajectory that follows the band
of maximum equivalent strain which from now on
is referred to as SCB.
3. For small out-of-plane notch distances, SCBs may
connect notch tips. Such bands are divided into
two halves at specimen mid-width and each single
half is referred to as SCB, and this is based on the
assumption that the double-edge notched specimen
acts as two tangent single-edge notched specimens
(Figure 6(c)).
4. Finally, each SCB shape in X-Y coordination is
mathematically described by means of linear
regression analysis technique, with the aim to
determine the angles of best fitting lines to the
bands with respect to the longitudinal direction (a1
and a2 in Figure 6(d)).
5. These characteristics were then used to identify the
presence or absence of interaction between both
notches, as discussed in the ‘‘Results’’ section.
Twice elastic slope limit load
SCB and CTOD values should be compared for differ-
ent specimens at equal stages toward failure. The ten-
sile limit state of the specimen can be characterized by
its load-bearing capacity and, given the high toughness
of the material tested, failure is a plastic collapse-based
process. Hence, the specimens’ proximity to failure was
characterized by their limit loads.
In this study, the limit load based on twice elastic
slope (TES) as suggested by ASME B&PV code section
III34 was opted as the reference to failure proximity. In
the TES method, the material response is characterized
by plotting force against displacement. A straight limit
load line is then drawn from the origin of the force–
displacement curve with a slope equal to twice that of
the elastic response (with respect to the vertical load
axis). The limit load is then obtained as the intersection
between the TES line and the force–displacement curve.
Approach to the strain-based evaluation of flaw
interaction
The possible interaction between adjacent cracks is
investigated considering CTOD (symbolically denoted
as d) as the driving force to failure. Values of CTOD
are normalized versus CTOD values (d0) in SENT spe-
cimens with equal a/W ratio. The deviation of d/d0
from unity is considered as the primary criterion to
judge on the degree of defect interaction.
Complementary to the analysis of crack driving
force, SCBs in the region between the two cracks are
investigated. The purpose hereto is twofold: to identify
whether the shape of the strain patterns surrounding a
notch is influenced by the presence of an adjacent crack
and to evaluate whether changes in strain pattern shape
can be associated with changes in d/d0.
Results
Strain pattern morphology
Figure 7 shows the load–displacement diagrams of
the test samples and Figure 8 shows the equivalent
strain patterns in various test samples at the TES-based
limit load. It is seen that by increasing the out-of-plane
distance (H/W) between two notches from H/W=0 to
H/W=1.3, the strain patterns evolve from a quasi-
circular symmetric pattern (fully symmetrical DENT
specimen) to a pattern in which one interconnecting
band shows a pronounced strain concentration.
Hereby, there are differences in the shape of this band
for H/W=0.7, 1 and 1.3. The patterns show more cur-
vature for specimens with a small out-of-plane notch
distance such as H/W= 0.7 and gradually evolve in a
linear pattern for specimens with a larger out-of-plane
notch distance (H/W=1), while in the meantime the
size of the region with maximum strain concentration
increases as H/W goes to 1.3. Then, by further increas-
ing notch out-of-plane distance, the strain concentra-
tions start to separate at H/W=2 and eventually
completely disconnect when H/W=3. Figure 9 shows
examples from numerically predicted strain patterns
Figure 7. Load–displacement diagram of the different
specimens (various notch out-of-plane distances).
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for two cases. The above-mentioned effects can be
noted here as well.
Whereas the strain patterns shown in Figure 8 reveal
valuable qualitative information about the deformation
and strain concentration, it is hard to judge on subtle
differences in notch interaction, for example, between
H/W=0.7 and H/W=1. To obtain a robust quantita-
tive interpretation which can differentiate between
interacting and non-interacting cases, the methodology
introduced in Figure 6 is applied to the strain patterns
measured by DIC. Figure 10 compares trajectories of
strain concentration for six experimental tests with dif-
ferent H/W values; the lower graphs show the SCB
morphology, and the upper graphs show the magnitude
of equivalent strain along each trajectory. The interpre-
tation of Figure 10(b)–(f) somewhat differs from that of
Figure 10(a) (symmetrical DENT specimen), for which
only half of the circular SCB is shown. Figure 10 facili-
tates the translation of qualitative features of strain pat-
terns (Figure 8) into measurable quantitative data, as
Figure 8. Equivalent strain patterns for different specimens (various notch out-of-plane distances) at the limit load.
Figure 9. Strain patterns for two specimens with a/W= 0.4, with H/W= 0.7 (top) and H/W= 3 (bottom) at the limit load.
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discussed in section ‘‘Evaluation of defect interaction
based on strain.’’
Analysis of SCB regression angle
Distinctions between the graphs shown in Figure 10
reveal that equivalent strain patterns and magnitudes
are considerably affected when the out-of-plane dis-
tance between the notches is decreased. This is reflected
in the morphology of the SCB and in the magnitudes of
strains adjacent to the notches. As a case study, com-
pare Figure 10(b) (H/W=0.7) with Figure 10(f) (H/
W=3). Figure 10(f) shows that independent notches
are associated with straight SCBs (notwithstanding an
initially curved shape at the notch tips) and symmetri-
cal strain distributions left and right of the notch tip.
However, Figure 10(b) reflects the S-shaped nature of
the SCB intersecting the notches, whose strain level
strongly exceeds that of the strain concentrations mov-
ing away from the notch pair.
Notwithstanding the added value of Figure 10 with
respect to judgment on interaction, analyses based on
Figure 10 are cumbersome and rely on complete infor-
mation of strains along a complex trajectory between
the notches. Thus, to achieve a more pragmatic judg-
ment on flaw interaction, it is attempted to identify
interaction using a single parameter that describes a rel-
evant morphological change in the SCB.
Having extracted the SCBs, lines were fitted by linear
regression and characterized by their angle as described
in Figure 6. Figure 11 shows the SCB regression angle
a (average of a1 and a2 as defined in Figure 6) versus
CTOD during the test. The angles appear to be fairly
invariable with respect to CTOD, which aids to the
pragmatism of using the SCB regression angle as a mea-
sure for interaction.
Notably, the angle for H/W=0 is not shown in
Figure 11 since in this configuration the vertical grid
lines along which strain values are compared show two
maxima, thus posing challenges for the algorithm of
Figure 6 to identify SCB at the early stage of the test.
Nonetheless, since in the late stage of the test, one of
the notches deformed more than the other one, the SCB
associated with this notch could easily be identified at
Figure 10. SCB trajectory and equivalent strain in specimens. (a) H/W=0, (b) H/W=0.7, (c) H/W=1.0, (d) H/W=1.3, (e) H/W=2.0
and (f) H/W=3.0 .
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the limit load as shown in Figure 10. This allows plot-
ting experimental test output in Figure 12, where a is
plotted at the limit load as a function of H/W. These
are then compared with u, the angle of the line connect-
ing the two notch tips as defined in Figure 1. Values for
u are depicted by the dashed red line. Including u in
the analysis is geometrically relevant, as some research-
ers have suggested using both vertical and horizontal
distances between the notches to judge on the
interaction between non-aligned flaws,13,14 and these
distances have been adopted by some ECA guidelines
for non-aligned flaws.4 On the right axis of Figure 12,
the normalized CTOD (d/d0) at different H/W levels is
illustrated. All SCB angles and CTOD values are mea-
sured at the limit load.
In addition, to compare with FE findings, experi-
mental test results are also shown in Figure 12. SCB
angles (a) from FE results have good agreement with
experimental results showing the ability of the numeri-
cal model to simulate the SCB trajectory. When it
comes to d/d0, the agreement is highly satisfactory as
well. Minor deviations between experimental and
numerical CTOD predictions may result from the
initiation of ductile tearing, which is not captured by
the FE model.
To extend the study to further notch depths, the FE
method is employed to model specimens with different
a/W ratios. Figures 13 and 14 show SCB angle and
CTOD for a/W=0.3 and a/W=0.5, respectively.
Discussion
The study of CTOD reveals that for small out-of-plane
distances, d/d0 exceeds unity. To judge on its feasibility
to define interaction, strain pattern characteristics have
been studied. In Figure 12, three different trends in
angle a versus u can be observed. From H/W=0 to 1,
a is less than u; from H/W=1 to 2, the SCB closely
follows the straight line connecting both notch tips
(a’u) and finally fromH/W=2 to 3, a becomes larger
than u and increases again to almost 45. On the right
vertical axis, where normalized CTOD is plotted, it can
be noticed that for distant notches, d/d0 is almost equal
to 1 (indicating no interaction). As the out-of-plane dis-
tance decreases, d/d0 starts to increase to a peak around
H/W=1. Finally, as H/W further decreases, d/d0 starts
to decrease again.
Results from FE simulations shown in Figures 12–
14 reveal that the above-mentioned trends between
SCB angle and normalized CTOD can be observed and
correlated for all simulated crack depth ratios. Starting
from the configuration with most remotely located
notches (i.e. H/W=4), SCB angle (a) decreases
from around 45 to around 30 as H/W drops. Around
H/W=2.5, a reaches u, and at this point, a starts fol-
lowing u. As this transition takes place, d/d0 increas-
ingly exceeds unity.
A peak in d/d0 is observed for an H/W level between
1.0 and 1.5 (depending on a/W), indicating maximum
notch interaction in terms of crack driving force.
Accordingly, a peak in a (reaching up to 60) is
observed around a slightly smaller, but similar H/W
level. Going further down the H/W axis, d/d0 rapidly
drops and a deviates dramatically from u. This diver-
gence hypothetically reveals that the effect of flaw
interaction gets a new dimension, associated with a fun-
damental change of SCB morphology. Indeed, the
Figure 11. Regression angle of maximum strain band versus
CTOD.
Figure 12. SCB regression angle and CTOD versus notch
spacing for a/W= 0.4 at the limit load.
Figure 13. SCB regression angle and CTOD versus notch
spacing for a/W= 0.3 at the limit load.
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notches in a symmetrical DENT specimen (H/W=0)
are connected by two semi-circular SCBs, whereas
higher H/W ratios are associated with one (S-shaped or
linear) interconnecting SCB. Without further investiga-
tion, it is noted that the symmetrical DENT specimen
(H/W=0) is known to be an example configuration of
high crack tip constraint,35 which can be associated
with the circular SCB morphology.36 However, speci-
mens producing rather straight SCBs (such as SENT
specimens but also asymmetrical DENT specimens) are
associated with lower crack tip constraint. This discus-
sion implies that besides crack driving force, as a gener-
ally accepted parameter to define the interaction
between the adjacent flaws, interaction effects on crack
tip constraint may be considered as well.
When there is a connection between the two SCBs,
there is a considerable deformation between the two
notches which can be interpreted as an interaction effect
since strain peaks in the SCBs between the notches’
planes are higher than those on the outside SCBs (recall
Figure 8). This is exactly where a is equal or less than u
in Figure 12. Analogous, when the bands between the
notches do not connect to each other, a exceeds u
(Figure 12), and the symmetrical nature of SCB
development around a notch can be interpreted as a
non-interacting configuration (e.g. compare Figure
10(d) and (f)). This is also reflected in the CTOD analy-
ses of Figure 13.
In all above-mentioned analyses, flaw interaction
was discussed from the viewpoint of H/W. Considering
that both vertical and horizontal distances can affect
the interaction,13 it is worthwhile to investigate interac-
tion from the viewpoint of u, which is a function of
both distances, or in the other words, it combines the
influence of H/W with that of a/W. Figure 15 plots
observed SCB angles (a) as a function of u for all
simulated a/W ratios. In addition, the d/d0-ratio associ-
ated with the configuration for which these two angles
start to be equal (identified above as corresponding to
notch interaction) are highlighted by dashed vertical
lines. Apparently, the point where a equalizes to u is
associated with a CTOD increase due to interaction by
almost 10% (d/d0’ 1.1). Depending on a/W, interac-
tion starts at a different angle between the notch tips u
(ranging between 22 and 30 for the simulated cases).
This indicates that u solely is not capable of capturing
the combined effects of H/W and a/W on the degree of
interaction.
It is finally noted that for adjacent notches with very
short distances, the strain patterns are curved which
makes the regression angle less accurate for these cases
(see, for instance, Figure 8, H/W=0.7). However, a
previous study showed that by evaluating the bands’
curvature instead of regression angle, a similar dis-
tinction between three distinct regions of H/W can be
observed.37 Figure 16 shows the average curvature
(= inverse of radius) of SCBs for different notch
spacing, highlighting that for small H/W, SCBs have
significant curvature compared to highly out-of-plane
notches. Hence, the changing of trends in a and in
SCB curvature appears to indicate similar events with
respect to defect interaction. However, angle analysis
is preferred over curvature analysis because accu-
rately detecting SCB curvature in the FE simulations
required very fine meshes in the area between the two
Figure 15. a versus u for various a/W ratios illustrating
CTOD ratios in configurations where a and u start to be equal.
Figure 16. Curvature of SCB at limit load from the
experiments with a/W= 0.4.
Figure 14. SCB regression angle and CTOD versus notch
spacing for a/W= 0.5 at the limit load.
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notches, which made the simulations undesirably
expensive.
Conclusion
In this article, a novel approach based on evaluating
strain patterns is introduced with the aim to investigate
the interaction between non-coplanar flaws under plas-
tic deformation. A rigorous analysis of the trajectory of
SCBs, and the magnitude of strains along these bands,
allows to clearly distinguish between cases of interact-
ing and non-interacting flaws in asymmetrically double-
edge notched specimens. CTOD is used as a reference
to judge on the (in) existence of flaw interaction.
The procedure is based on a linear regression analysis
of the SCB morphology. Significant differences in SCBs
are observed as the out-of-plane distances between the
notches are changed. Consequently, three scenarios
have been identified. For high out-of-plane distances,
there is no interaction and the CTOD response is almost
equal to that of a single isolated notch. As out-of-plane
distance decreases, strain bands connect and create an
interaction effect on crack driving force (reflected in an
increase of strain levels along the bands). For very small
out-of-plane distances, strain bands become curved,
which hypothetically reveals an additional interaction
effect on crack tip constraint.
The most obvious finding to emerge from this study
is that comparing the angle between the two non-
coplanar flaw tips (u) with the angle of the SCB regres-
sion line (a) can characterize the interaction between
the adjacent cracks. When these two angles are equal,
SCBs of the two adjacent cracks are connected to each
other and the magnitude of strain in the region between
the two cracks increases. The onset of interaction based
on this criterion is associated with a CTOD increase of
roughly 10% due to interaction and a variable angle u
between the flaw tips. This indicates that u solely is not
capable of capturing the combined effects of notch out-
of-plane distance and notch depth on the degree of
interaction.
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Appendix 1
Notation
a notch depth (mm)
H out-of-plane distance between adjacent
notches (mm)
SCB strain concentration band
T specimen thickness (mm)
W half width of double-notched and width of
single-notched specimen (mm)
a SCB regression angle a ()
d crack tip opening displacement (CTOD)
of double-notched specimen (mm)
d0 crack tip opening displacement (CTOD)
of single-notched specimen (mm)
eeq equivalent total strain (–)
epeq equivalent plastic strain (–)
u angle between the line connecting two
adjacent notch tips and the load direction
()
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